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ated proteins from RNA degradation. These putative
proteins may as well mediate the translational suppres-
sion. The miRNA precursor processing reaction requires
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Department of Cellular Biochemistry Dicer RNase III and Argonaute family members [12–14];
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To gain insights into the distribution and function ofD-37077 Go¨ttingen
Germany miRNAs in mammals, we investigated the tissue-spe-
cific distribution of miRNAs in adult mouse. Cloning of
miRNAs from specific tissues was preferred over whole
organism-based cloning because low-abundanceSummary
miRNAs that normally go undetected by Northern blot
analysis are identified clonally. Also, in situ hybridizationMicroRNAs (miRNAs) are a new class of noncoding
techniques for detecting 21-nt RNAs have not yet beenRNAs, which are encoded as short inverted repeats
developed. Therefore, 19- to 25-nucleotide RNAs werein the genomes of invertebrates and vertebrates [1,
cloned and sequenced from total RNA, which was iso-2]. It is believed that miRNAs are modulators of target
lated from 18.5-week-old BL6 mice (see the Supplemen-mRNA translation and stability, although most target
tary Material available with this article online). BecausemRNAs remain to be identified. Here we describe the
RNA was prepared from combining tissues of severalidentification of 34 novel miRNAs by tissue-specific
mice, minor sequence variations that were detectedcloning of approximately 21-nucleotide RNAs from
multiple times in multiple clones may reflect polymor-mouse. Almost all identified miRNAs are conserved in
phisms rather than RT/PCR mutations. Public databasethe human genome and are also frequently found in
searching was used to identify the genomic sequencesnonmammalian vertebrate genomes, such as puff-
encoding the 21-nt RNAs. The occurrence of a 20 toerfish. In heart, liver, or brain, it is found that a single,
30 basepair foldback structure involving the immediatetissue-specifically expressed miRNA dominates the
upstream or downstream flanking sequences was usedpopulation of expressed miRNAs and suggests a role
to assign miRNAs [1, 3–5].for these miRNAs in tissue specification or cell lineage
We examined nine different mouse tissues and identi-decisions. Finally, a miRNA was identified that appears
fied 34 novel miRNAs, some of which are highly tissue-to be the fruitfly and mammalian ortholog of C. elegans
specifically expressed (Table 1 and Figure 1). miR-1 waslin-4 stRNA.
previously shown by Northern analysis to be strongly
expressed in human adult heart but not in human brain,
Results and Discussion liver, kidney, lung, or colon [5]. Here we show that miR-1
accounts for 45% of all mouse miRNAs found in heart,
MicroRNAs (miRNAs) represent a new class of gene yet miR-1 was still expressed at a low level in liver and
products, which are believed to sequence-specifically midbrain, even though it remained undetectable by
control translation of target mRNAs by binding to sites Northern analysis. Three copies or polymorphic alleles
of antisense complementarity in 3 untranslated regions of miR-1 were found in mice. The conservation of tissue-
(UTRs) [1–5]. Several miRNAs, such as let-7 RNA, miR-1, specific miR-1 expression between mouse and human
miR-34, miR-60, and miR-87, are highly conserved be- provides additional evidence for a conserved regulatory
tween invertebrates and vertebrates, implicating that role of this miRNA. In liver, variants of miR-122 account
they may recognize multiple sites and/or multiple targets for 72% of all cloned miRNAs, and miR-122 was unde-
of presumably conserved function [3–6]. The small tem- tected in all other tissues analyzed. In spleen, miR-143
poral RNAs (stRNAs) lin-4 and let-7 represent a subclass appeared to be most abundant, at a frequency of30%.
of miRNAs identified by genetic analysis in Caenorhab- In colon, miR-142-as was cloned several times and also
ditis elegans, which are developmentally regulated and appeared at a frequency of 30%. In small intestine, too
themselves control developmental programs, such as few miRNA sequences were obtained to permit statisti-
timing of neuronal rewiring, Dauer larva formation, vulva cal analysis. This was due to strong RNase activity in this
formation, and the terminal differentiation of hypodermal tissue, which caused significant breakdown of abundant
cells [7–11]. noncoding RNAs, e.g., rRNA, so that the fraction of
miRNAs are typically excised from 60- to 70-nucleo- miRNA in the cloned sequences was very low. For the
tide foldback RNA precursor structures, which are same reason, no miRNA sequences were obtained from
sometimes detected at the onset of miRNA precursor pancreas.
expression [12–14] or during expression of very abun- To gain insights in neural tissue miRNA distribution,
dant miRNAs [3–5]. Generally, only one of the strands we analyzed cortex, cerebellum, and midbrain. Similar
of the hairpin precursor molecule is excised and accu- to heart, liver, and small intestine, variants of a particular
mulates, presumably because it is protected by associ- miRNA, miR-124, dominated and accounted for 25% to
48% of all brain miRNAs. miR-101, -127, -128, -131,
and -132, also cloned from brain tissues, were further1Correspondence: ttuschl@mpibpc.gwdg.de
Current Biology
736
Table 1. Mouse miRNA Sequences Identified by Cloning from Distinct Mouse Tissues
Number of Clonesa
miRNA Sequence (5 to 3) ht lv sp si co cx cb mb
let-7a UGAGGUAGUAGGUUGUAUAGUU 3 1 1 7
let-7b UGAGGUAGUAGGUUGUGUGGUU 1 1 2 5
let-7c UGAGGUAGUAGGUUGUAUGGUU 2 2 5 19
let-7d AGAGGUAGUAGGUUGCAUAGU 2 2 2 2
let-7e UGAGGUAGGAGGUUGUAUAGU 1 2
let-7f UGAGGUAGUAGAUUGUAUAGUU 2 3 3
let-7g UGAGGUAGUAGUUUGUACAGUA 1 1 2
let-7h UGAGGUAGUAGUGUGUACAGUU 1 1
let-7i UGAGGUAGUAGUUUGUGCU 1 1
miR-1b UGGAAUGUAAAGAAGUAUGUAA 4 2 1
miR-1c UGGAAUGUAAAGAAGUAUGUAC 7
miR-1d UGGAAUGUAAAGAAGUAUGUAUU 16 1
miR-9 UCUUUGGUUAUCUAGCUGUAUGA 3 4 4
miR-15a UAGCAGCACAUAAUGGUUUGUG 1 2
miR-15b UAGCAGCACAUCAUGGUUUACA 1
miR-16 UAGCAGCACGUAAAUAUUGGCG 1 1 2 1 2 3
miR-18 UAAGGUGCAUCUAGUGCAGAUA 1
miR-19b UGUGCAAAUCCAUGCAAAACUGA 1
miR-20 UAAAGUGCUUAUAGUGCAGGUAG 1
miR-21 UAGCUUAUCAGACUGAUGUUGA 1 1 2 1
miR-22 AAGCUGCCAGUUGAAGAACUGU 2 1 1 1 2
miR-23a AUCACAUUGCCAGGGAUUUCC 1
miR-23b AUCACAUUGCCAGGGAUUACCAC 1
miR-24 UGGCUCAGUUCAGCAGGAACAG 1 1 1 1
miR-26a UUCAAGUAAUCCAGGAUAGGCU 3 2
miR-26b UUCAAGUAAUUCAGGAUAGGUU 2 4 1
miR-27a UUCACAGUGGCUAAGUUCCGCU 1 2 1 1 2 1
miR-27b UUCACAGUGGCUAAGUUCUG 1
miR-29a CUAGCACCAUCUGAAAUCGGUU 1 1 1
miR-29b/miR-102 UAGCACCAUUUGAAAUCAGUGUU 1 1 5 3
miR-29c/ UAGCACCAUUUGAAAUCGGUUA 1 3 1
miR-30a-s/miR-97 UGUAAACAUCCUCGACUGGAAGC 1 1 1
miR-30a-asb CUUUCAGUCGGAUGUUUGCAGC 1
miR-30b UGUAAACAUCCUACACUCAGC 1 2
miR-30c UGUAAACAUCCUACACUCUCAGC 2 1 1
miR-30d UGUAAACAUCCCCGACUGGAAG 1
miR-99a/miR-99 ACCCGUAGAUCCGAUCUUGU 1
miR-99b CACCCGUAGAACCGACCUUGCG 1
miR-101 UACAGUACUGUGAUAACUGA 2 1 1
miR-122a UGGAGUGUGACAAUGGUGUUUGU 3
miR-122b UGGAGUGUGACAAUGGUGUUUGA 11
miR-122a,b UGGAGUGUGACAAUGGUGUUUG 23
miR-123 CAUUAUUACUUUUGGUACGCG 1 2
miR-124ac UUAAGGCACGCGG-UGAAUGCCA 1 37 41 24
miR-124b UUAAGGCACGCGGGUGAAUGC 1 3
miR-125a UCCCUGAGACCCUUUAACCUGUG 1 1
miR-125b UCCCUGAGACCCU--AACUUGUGA 1
miR-126 UCGUACCGUGAGUAAUAAUGC 4 1
miR-127 UCGGAUCCGUCUGAGCUUGGCU 1
miR-128 UCACAGUGAACCGGUCUCUUUU 2 2 2
miR-129 CUUUUUUCGGUCUGGGCUUGC 1
miR-130 CAGUGCAAUGUUAAAAGGGC 1
miR-131 UAAAGCUAGAUAACCGAAAGU 1 1 1
miR-132 UAACAGUCUACAGCCAUGGUCGU 1
miR-133 UUGGUCCCCUUCAACCAGCUGU 4 1
miR-134 UGUGACUGGUUGACCAGAGGGA 1
miR-135 UAUGGCUUUUUAUUCCUAUGUGAA 1
miR-136 ACUCCAUUUGUUUUGAUGAUGGA 1
miR-137 UAUUGCUUAAGAAUACGCGUAG 1 1
miR-138 AGCUGGUGUUGUGAAUC 1
miR-139 UCUACAGUGCACGUGUCU 1 1
miR-140 AGUGGUUUUACCCUAUGGUAG 1
miR-141 AACACUGUCUGGUAAAGAUGG 1 1 1
miR-142-s CAUAAAGUAGAAAGCACUAC 1 1
miR-142-asc UGUAGUGUUUCCUACUUUAUGG 1 1 6
miR-143 UGAGAUGAAGCACUGUAGCUCA 3 7 2 1
(continued)
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Table 1. Continued
Number of Clonesa
miRNA Sequence (5 to 3) ht lv sp si co cx cb mb
miR-144 UACAGUAUAGAUGAUGUACUAG 2 1
miR-145 GUCCAGUUUUCCCAGGAAUCCCUU 1
miR-146 UGAGAACUGAAUUCCAUGGGUUU 1
miR-147 GUGUGUGGAAAUGCUUCUGCC 1
miR-148 UCAGUGCACUACAGAACUUUGU 1
miR-149 UCUGGCUCCGUGUCUUCACUCC 1
miR-150 UCUCCCAACCCUUGUACCAGUGU 1
miR-151 CUAGACUGAGGCUCCUUGAGGU 1
miR-152 UCAGUGCAUGACAGAACUUGG 1
miR-153 UUGCAUAGUCACAAAAGUGA 1
miR-154 UAGGUUAUCCGUGUUGCCUUCG 1
miR-155 UUAAUGCUAAUUGUGAUAGGGG 1
The sequences indicated represent the longest miRNA sequences identified by cloning. The 3 terminus of miRNAs is often truncated by one
or two nucleotides. miRNAs that are more than 85% identical in sequence (i.e., share 18 out of 21 nucleotides) or contain 1- or 2-nucleotide
internal deletions are referred to by the same gene number followed by a lowercase letter. Minor sequence variations between related miRNAs
are generally found near the ends of the miRNA sequence and are thought to not compromise target RNA recognition. Minor sequence
variations may also represent A to G and C to U changes, which are accommodated as G-U wobble base pairs during target recognition.
miRNAs with the suffix -s or -as indicate RNAs derived from either the 5 half or the 3 half of a miRNA precursor. Mouse brains were dissected
into midbrain (mb), cortex (cx), and cerebellum (cb). The tissues analyzed were heart (ht), liver (lv), small intestine (si), colon (co), cortex (ct),
cerebellum (cb), and midbrain (mb).
a The total number of clones, including breakdown products of noncoding RNAs and yet to be identified sequences, is listed in the Supplementary
Material.
b The originally described miR-30 [3] was renamed to miR-30a-as in order to distinguish it from the miRNA derived from the opposite strand
of the precursor encoded by the mir-30a gene. miR-30a-s is equivalent to miR-97 [22].
c A 1-nt length heterogeneity is found on both the 5 and 3 end. The 22-nt miR sequence is shown, but only 21-nt miRNAs were cloned.
analyzed by Northern blotting and shown to be predomi- to C. elegans miR-83 [4]; and miR-131 and miR-142-s
are similar to D. melanogaster miR-4 [3] and C. elegansnantly brain specific (see Supplementary Material).
Members of another class of noncoding RNAs, C/D- miR-79 [4]. miR-124a is conserved between inverte-
brates and vertebrates. In this respect, it should bebox small nucleolar RNAs (snoRNAs) and H/ACA-box
snoRNA, in mouse and human have also shown brain- noted that almost every miRNA cloned from mouse was
also encoded in the human genome and frequently de-specific expression patterns [23].
miR-125a and miR-125b are very similar to the se- tected in other vertebrates, such as the pufferfish, Fugu
rubripes, and the zebrafish, Danio rerio. Sequence con-quence of C. elegans lin-4 stRNA and may represent its
orthologs (Figure 2A). This is of great interest because, servation may point to conservation in function of these
miRNAs. Comprehensive information about orthologousunlike let-7 that was readily detected in other species,
lin-4 has acquired a few mutations in the central region sequences is listed in Table S2 in the Supplementary
Material).and thus escaped bioinformatic database searches. Us-
ing the mouse sequence miR-125b, we could readily In two cases, both strands of miRNA precursors were
cloned (Table 1), which was previously observed onceidentify its ortholog in the D. melanogaster genome (see
Supplementary Material). miR-125a and miR-125b differ for a C. elegans miRNA [4]. It is thought that the most
frequently cloned strand of a miRNA precursor repre-only by a central diuridine insertion and a U to C change.
miR-125b is very similar to lin-4 stRNA with the differ- sents the functional miRNA, which is miR-30c-s and
miR-142-as, “s” and “as” indicating the 5 or 3 side ofences located only in the central region, which is pre-
sumed to be bulged out during target mRNA recognition the foldback structure, respectively.
The mir-142 gene is located on chromosome 17 but[11]. miR-125a and miR-125b were cloned from brain
tissue, but expression was also detected by Northern was also found at the breakpoint junction of a t(8;17)
translocation, which causes an aggressive B cell leuke-analysis in other tissues, consistent with the role for lin-4
in regulating neuronal remodeling by controlling lin-14 mia due to strong upregulation of a translocated MYC
gene [20]. The translocated MYC gene, which was alsoexpression [19]. Unfortunately, orthologs to C. elegans
lin-14 have not been described, and miR-125 targets truncated at the first exon, was located only 4-nt down-
stream of the 3 end of the miR-142 precursor. Thisremain to be identified in D. melanogaster or mammals.
Finally, miR-125b expression is also developmentally suggests that translocated MYC was under the control
of the upstream mir-142 promoter. Alignment of mouseregulated and only detectable in pupae and adult but
not in embryo or larvae of D. melanogaster (Figure 2B). and human miR-142 containing EST sequences indicate
an20 nt conserved sequence element downstream ofSequence comparison of mouse miRNAs with pre-
viously described miRNA reveals that miR-99 variants are the mir-142 hairpin. This element was lost in the translo-
cation. It is conceivable that the absence of the con-similar to D. melanogaster, mouse, and human miR-10 [3]
as well as C. elegans miR-51 [4]; miR-141 is similar to served downstream sequence element in the putative
miR-142/mRNA fusion prevented the recognition of theD. melanogaster miR-8 [3]; miR-29 variants are similar
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Figure 2. Potential Orthologs of lin-4 stRNA
(A) Sequence alignment of C. elegans lin-4 stRNA with mouse miR-
125a and miR-125b and the D. melanogaster miR-125. Differences
are highlighted by gray boxes.
(B) Northern blot of total RNA isolated from staged populations of
D. melanogaster, probed for miR-125. E, embryo; L, larval stage; P,
pupae; A, adult; S2, Schneider-2 cells.
Another interesting observation was that segments of
perfect complementarity to miRNAs are not observed
in mRNA sequences or in genomic sequences outside
the miRNA inverted repeat. Although this could be fortu-
itous, based on the link between RNAi and miRNA pro-
Figure 1. Northern Blot Analysis of Tissue-Specific miRNAs cessing [12–14], it may be speculated that miRNAs retain
Total RNA from different mouse tissues was blotted and probed the potential to cleave perfectly complementary target
with a 5-radiolabeled oligodeoxynucleotide complementary to the RNAs. Because translational control without target deg-
indicated miRNA. Equal loading of total RNA on the gel was verified radation could provide more flexibility, it may be pre-
by ethidium bromide staining prior to transfer; the band representing
ferred over mRNA degradation.tRNAs is shown. The foldback precursors are indicated with capital
In summary, 34 novel miRNAs were identified from“L.” Mouse brains were dissected into midbrain (mb), cortex (cx),
mouse, which are conserved in human and often alsoand cerebellum (cb). The rest of the brain (rb) was also used. Other
tissues were heart (ht), lung (lg), liver (lv), colon (co), small intestine in other nonmammalian vertebrates. A few of these
(si), pancreas (pc), spleen (sp), kidney (kd), skeletal muscle (sm), miRNAs appear to be extremely tissue specific, sug-
stomach (st); H, human HeLa SS3 cells. gesting a critical role for some miRNAs in tissue specifi-
cation and cell lineage decisions. We may have also
identified the fruitfly and mammalian ortholog of C. ele-transcript as a miRNA precursor and therefore may have
gans lin-4 stRNA. The establishment of a comprehensivecaused accumulation of fusion transcripts and overex-
list of miRNA sequences will be instrumental for bioinfor-pression of MYC.
matic approaches that make use of completed genomesmiR-155, which was cloned from colon, is excised
and the power of phylogenetic comparison in order tofrom the known noncoding BIC RNA [21]. BIC was origi-
identify miRNA-regulated target mRNAs.nally identified as a gene transcriptionally activated by
promoter insertion at a common retroviral integration
site in B cell lymphomas induced by avian leukosis virus. Supplementary Material
Supplementary Material including additional methodological details,Comparison of BIC cDNAs from human, mouse, and
figures, and tables can be found online at http://images.cellpress.chicken revealed 78% identity over 138 nucleotides [21].
com/supmat/supmatin.htm.The identity region covers the miR-155 foldback precur-
sor and a few conserved boxes downstream of the fold-
Acknowledgmentsback sequence. The relatively high level of expression
of BIC in lymphoid organs and cells in human, mouse,
We are very grateful to S.M. Elbashir and C. Karschin for preparation
and chicken implies an evolutionary conserved function, of mouse tissues and sectioning of mouse brains; G. Dowe, G.
but BIC RNA has also been detected at low levels in Heyne, and M. Killian for sequencing; J. Aach for bioinformatic assis-
tance; and R. Lu¨hrmann for support. This work was funded by anonhematopoietic tissues [21].
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